Background and Purpose: Neuropathic pain is a major side-effect of paclitaxel (PTX) chemotherapy. Although the precise mechanisms responsible for this pain are unclear, the activation of neuroglia and upregulation of the TLR4/NF-κB pathway are known to be involved. In this study, we determined whether electroacupuncture (EA) could limit mechanical hypersensitivity resulting from the chemotherapeutic drug PTX in rats, and investigated the potential mechanisms involved. Methods: Rats intraperitoneally received a cumulative dose of 8 mg/kg PTX (2 mg/kg per day) or vehicle control on alternate days (day 0, 2, 4 and 6). EA treatment (10 Hz, 1 mA) was applied at bilateral ST36 acupoints in rats once every other day on days 0-14. For sham EA, needles were inserted at ST36 acupoints without electrical stimulation. Mechanical allodynia was measured by mechanical withdrawal latency (MWL) of paws to a mechanical stimulus every 2 days. Protein expression of TLR4 and NF-κB p65, as well as TMEM119 and GFAP (indicators of microglia and astrocytes, respectively) in spinal cord was quantified by Western blot analysis. Levels of inflammatory cytokines IL-1β and TNF-α in spinal cord and serum were detected by ELISA. Results: Mechanical allodynia induced by PTX in both paws (right and left) of rats was significantly attenuated by EA but not sham EA treatment. In addition, EA, but not sham EA, inhibited the activation of both microglia (TMEM119) and astrocytes (GFAP) in lumbar spinal cord. Moreover, Western blot analysis revealed that protein expression of TLR4 and NF-κB in spinal cord was suppressed by EA but not sham EA treatment. PTX significantly increased inflammatory cytokines in spinal cord and serum, which were ameliorated by EA treatment but not by sham EA. Conclusion: These results indicate that EA treatment attenuates PTX-induced mechanical allodynia. The putative mechanism corroborating this finding could be related to the suppression of activated microglia and astrocytes in spinal cord, as well as the inhibition of the activated TLR4/NF-κB signaling pathway by EA treatment.
Introduction
Paclitaxel (PTX) is a highly effective and commonly used chemotherapeutic agent derived from the bark of Taxus brevifolia, and has been widely used for the treatment of a broad range of tumors. 1 However, PTX therapy frequently induces peripheral neurotoxicity, which typically presents as painful neuropathy that can even lead to discontinuation of treatment. 2 It has been reported that PTX-induced neuropathic symptoms occurred in up to 92.8% of all treated patients according to dose intensity, 3, 4 with the most common complaints being numbness, tingling, burning pain and mechanical allodynia. No optimal therapies have been proven effective to prevent or minimize the nerve injury and neuropathic pain induced by PTX. Thus, the development of a novel analgesic approach during chemotherapy with PTX to alleviate peripheral neuropathy, especially pain symptoms, is highly required.
Electroacupuncture (EA) has been proven to be clinically efficacious in alleviating various types of pain. Emerging experimental and clinical studies have reported that EA can be potentially used as an effective therapy in the treatment of PTX-induced peripheral neuropathy. Basic research demonstrated that EA significantly inhibited mechanical allodynia/ hyperalgesia in rodents with PTX-evoked peripheral neuropathy. 5, 6 In addition, combined treatment with EA and gabapentin (an analgesic drug) showed robust and enduring analgesic actions against PTX-induced neuropathy. 7 Furthermore, a phase IIA trial showed that acupuncture attenuated the severity of peripheral neuropathy induced by PTX chemotherapy in breast cancer patients. 8 According to previous basic studies, the anti-nociceptive effect of EA in relieving PTX-induced neuropathic pain was mediated via spinal opioid receptors and the adrenergic pathway, which is similar to the mechanism underlying EA's analgesic actions in other pain models. [9] [10] [11] Nevertheless, the molecular mechanisms behind the EA intervention against PTX-caused neuropathy have not yet been fully elucidated. Since chemotherapyinduced pain is usually complicated by more complex components, the analgesic actions of EA may involve other potentially delicate mechanisms.
A growing body of evidence suggests that activated glial cells in the spinal cord play a prominent role in pathological pain modulation. 12, 13 It has been reported that PTX treatment induces activation of glial cells (microglia and astrocytes) in the spinal cord. [14] [15] [16] [17] [18] Thus, glial cells appear to be potential targets for the treatment of PTX-induced neuropathic pain. Both microglia and astrocytes express toll-like receptor 4 (TLR4) in the central nervous system. 19, 20 TLR4 plays an essential role in the transition and induction of pain. It was reported that PTX treatment could result in increased expression of TLR4 and the activation of its downstream nuclear factor-κB (NF-κB) signaling pathway in the spinal cord, leading to the production of proinflammatory cytokines, 21, 22 which, in turn, contributed to the occurrence and development of chemotherapy-induced neuropathic pain. 23 In addition, previous studies have proved the inhibitory action of EA in abnormal activation of spinal glia, TLR4 and NF-κB in various animal models of pain and inflammation. [24] [25] [26] [27] [28] In the present study, we hypothesized that EA treatment could attenuate PTX-induced mechanical allodynia through the inhibition of spinal glia and their downstream TLR4/NF-κB pathway. In brief, we identified the analgesic effect of EA on a PTX-induced neuropathic model in rats, and the changes in protein expression of TMEM119 (microglia), GFAP (astrocytes), TLR4 and NF-κB in the lumbar spinal cord (L3-L6) of experimental rats, as well as the concentrations of inflammatory cytokines in spinal cord and serum.
Materials and Methods Animals
Male Sprague-Dawley rats (from China Academy of Military Science, Beijing, People's Republic of China), weighing 120-150 g, were used in this study. Experimental rats were housed four to five per cage under conditions of controlled temperature (23-25°C) and light (07:00 h on, 19:00 h off). Standard food and water were supplied ad libitum. Rats received care consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the experiments were conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee of China Academy of Chinese Medical Sciences (reference no. 2015010801). All efforts were made to minimize discomfort and the number of animals used. A total of 29 rats were randomly divided into the following four groups: Control group (n=7), PTX group (n=8), PTX + EA group (n=7) and PTX + sham EA group (n=7). PTX injection (6 mg/mL, Beijing Union Pharmaceutical Factory, Beijing, People's Republic of China) was diluted with PBS solution to make PTX solution with a concentration of 2 mg/ mL, and then administered (2 mg/kg, i.p.) to rats on four alternate days (cumulative dose 8 mg/kg, i.p.) to induce peripheral neuropathic pain. Control rats were given i.p. injections of vehicle (PBS solution) ( Figure 1 ).
EA Treatment
Acupoints of ST36 (Zusanli) on bilateral hind limbs were used for EA treatment. 29 The acupoint of ST36 in rats is located 10 mm below the knee joint and 5 mm lateral to the anterior tubercle of the tibia. Acupuncture needles at each hind limb were inserted as follows: one into the ST36 acupoint and the other one 5 mm below the ST36 acupoint (5 mm in depth). The tips of the electrode cables from an electroacupuncture apparatus (HANS-200A) were connected to a pair of steel acupuncture needles, and constant current pulses (10 Hz, 1 mA) were applied for 30 min. For sham EA, acupuncture needles were inserted into points on the bilateral hind limbs of rats in the same way as in the EA group, but without electrical current. Both EA and sham EA procedures were performed under isoflurane anesthesia. After the first administration of PTX, EA or sham EA treatment was applied every other day for 14 days following the initiation of PTX ( Figure 1 ).
Body Weight Assessment
The body weight of rats was measured on days 0, 1, 3, 5, 7, 9, 11, 13 and 15 and expressed as fold change in body weight with respect to baseline weight (day 0). In addition, we calculated the growth rate of body weight (%) using the following formula:
Body weight on day15 À body weight on day 0 ð Þ =body weight on day 0 Â 100%
Behavioral Tests
Animals were habituated to the environment for 3 days before behavioral testing. Baseline measurement of withdrawal latencies for both hind paws was performed prior to PTX or vehicle administration. For each testing session, rats were placed on an elevated metal wire mesh floor and confined in individual Perspex boxes and allowed to acclimatize for 30 min. Mechanical withdrawal latencies (MWLs) of both right and left hind paws (response time, s) were measured using a Dynamic Plantar Aesthesiometer (Ugo Basile, Varese, Italy) with a metal filament (0.5 mm in diameter). The Aesthesiometer filament was raised to touch the plantar surface of the hind paws with a constant force at 2 g/s (cut-off force: 50 g) until the paw was withdrawn. At 10 min intervals, the rod was applied to each hind paw three times. 28 Behavioral testing was conducted on the day of the first i.p. injection of PTX or vehicle and every other day for 14 days following the initiation of PTX or vehicle administration. The area under the curve (AUC) of withdrawal latencies for both hind paws in each group was calculated to investigate the overall effect. 6
Western Blot Assay
After 15 days following the initiation of PTX or vehicle administration, rats were killed and the dissected spinal cords were snap-frozen and stored at −80°C. Whole-cell lysates were prepared from the lumbar region of the spinal cord and protein concentrations were determined using a BCA protein assay kit (Thermo Scientific, USA). Equal amounts of protein extract were resolved by 8-10% SDS-PAGE gels and transferred to a polyvinylidene difluoride (PVDF) membrane (Merck Millipore, USA). Membranes were then incubated with mouse anti-TMEM119 (1:1,000; Proteintech, USA), mouse anti-GFAP (GA5) (1:1,000; Cell Signaling Technology [CST], USA), rabbit anti-TLR4 (1:500; Abcam, UK), rabbit anti-NF-κB p65 (1:1,000; CST, USA) and rabbit anti-GAPDH (1:1,000; CST, USA). All membranes with antibodies were incubated overnight at 4°C and then incubated with goat anti-rabbit IgG (1:3,000; CST, USA) or horse anti-mouse IgG (1:3,000; CST, USA) for 1 h at room temperature. Protein bands were detected with the use of a chemiluminescent substrate (ECL Prime Western Blotting Detection Reagents; Amersham, UK) and visualized using a luminescent image analyzer (ChemiDoc Imaging System, Bio-Rad, USA).
ELISA
Concentrations of IL-1β and TNF-α in spinal cord and serum were measured using commercially available rat ELISA kits (R&D Systems, Minneapolis, USA) according to the manufacturer's instructions.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6.0 (La Jolla, CA, USA). All data were presented as mean ± SEM and analyzed with repeated-measures one-way ANOVA followed by Dunnett's post-hoc test, and two-way ANOVA followed by Bonferroni's multiple comparison test. In all cases, a value of P<0.05 was considered statistically significant.
Results

Animals' General Health
Consistent with the results presented in previous studies, 30, 31 the administration of PTX did not cause apparent mortality and morbidity in experimental rats. None of the rats showed any signs of ill-health, such as alopecia, self-mutilating behavior, or abnormal grooming and locomotor behavior. Rats in all groups gained body weight normally, and there was no significant difference in the average amount of weight gain (ratio of baseline body weight, fold) between groups during 15 days of testing. In addition, no significant difference in final body weight gain (growth rate of body weight, %) was observed among the different groups ( Figure 2 ).
EA Alleviated PTX-Induced Neuropathic Pain
Compared with vehicle (Control), PTX administration caused and maintained neuropathic pain, characterized by a marked reduction in MWLs to mechanical stimulation (2 g/s). As shown in Figure 3A and B, MWL values were decreased by PTX treatment and developed progressively (P<0.05, P<0.01 vs Control) throughout the whole experiment period. Evident tactile allodynia developed following the initial PTX administration and persisted to the end. Compared to PTX, EA significantly attenuated the reduction in MWL induced by PTX administration (P<0.01 vs PTX + EA). In contrast, sham EA exerted no attenuated effect on decreased MWL induced by PTX in response to mechanical stimulation. As shown in Figure 3C , there was no significant difference in MWL (evaluated by AUC) between left and right hind paws, suggesting a symmetrical neuropathy produced by PTX administration. In addition, AUC analysis of continuous MWL values confirmed the prolonged mechanical allodynia produced by PTX in both hind paws and revealed the remarkable analgesic effect of EA, but not sham EA, on PTX-evoked neuropathic pain, by showing a significant increase in AUC percentage in the EA group in comparison with that in the PTX group (P<0.01 vs PTX + EA) ( Figure 3C ).
EA Attenuated PTX-Induced Glial Activation in Spinal Cord
By means of Western blot, the specific markers of microglia (TMEM119) and astrocytes (GFAP) in spinal cord were detected. As shown in Figure 4 , the protein levels of spinal TMEM119 and GFAP were significantly increased in the PTX group in comparison with those in the Control (P<0.05, P<0.01), suggesting a remarkable activation of both microglia and astrocytes in spinal cord following PTX administration. EA treatment markedly decreased protein expression of both TMEM119 (P<0.01) ( Figure 4A and B) and GFAP (P<0.05) ( Figure 4C and D) in spinal cord compared with the PTX group, indicating an evident inhibitory action of EA on PTX-induced spinal glia activation. In contrast, sham EA treatment did not show any effect on the elevated protein expression of either glial marker caused by PTX.
EA Attenuated PTX-Induced TLR4/NF-κB Activation in Spinal Cord
By means of Western blot, protein expression of TLR4 and NF-κB p65 in lumbar spinal cord was detected . As shown in Figure 5 , relative protein levels of TLR4 and NF-κB p65 in spinal cord increased significantly in the PTX group compared with those in the Control group (P<0.01). In comparison with the PTX group, EA treatment resulted in a pronounced reduction in both TLR4 (Figure 5A and B) and NF-κB p65 ( Figure 5C and D) signals (P<0.05 and P<0.01, respectively), whereas sham EA treatment did not affect the upregulated protein expression of either TLR4 or NF-κB p65 in spinal cord caused by PTX administration.
EA Attenuated the Increase in Inflammatory Cytokines Induced by PTX in Spinal Cord and Serum
As shown in Figures 6 and 7 
Discussion
The present study confirmed that repeated administrations of PTX in rats resulted in peripheral sensory neuropathy characterized by mechanical allodynia, which was accompanied by increased glial activity and TLR4/NF-κB signals in spinal cord, as well as elevated levels of inflammatory cytokines in spinal cord and serum. The data reported here showed that EA treatment significantly prevented the development of PTX-induced hypersensitive behaviors to mechanical stimulation in both left and right hind paws of rodents. The underlying mechanism that potentiated the anti-nociceptive effect of EA treatment against PTXinduced painful neuropathy may be associated with its regulatory actions on protein expression of neuroglia and TLR4/NF-κB signals in spinal cord, as well as on central and peripheral levels of downstream inflammatory cytokines.
Consistent with previous studies, [31] [32] [33] our results showed that repeated administrations of PTX did not cause mortality or disability in any experimental rats. In addition, PTX treatment did not show any obvious effect on either body weight or growth rate of body weight in experimental rats. Animals in all groups gained weight normally, indicating that cumulative doses of PTX (8.0 mg/kg) cause no significant impairment in animals' general health. In the present study, repeated administrations of PTX produced significant peripheral neuropathy characterized by mechanical allodynia in hind paws of experimental rats, but without any obvious motor deficit or motor impairment (motor function was assessed using the Tarlov motor scale; data not shown). Mechanical hypersensitivity following cumulative administration of PTX was highlighted by a reduction in the time to response to the force applied for hind paw retraction. Moreover, our results showed that there were no significant differences in MWL between left and right hind paws following PTX administration, suggesting that a model of symmetrical neuropathy was established which could mimic the neuropathic pain occurring symmetrically in the extremities of patients treated with PTX. 34 In accordance with previous reports, 35 we confirmed the antinociceptive action of EA treatment against PTX-induced painful neuropathy. Specifically, EA treatment remarkably suppressed the development of PTX-induced mechanical allodynia, with the analgesic effect expressed especially by increasing the time of MWL to response in the assessment of mechanical allodynia. We chose 10 Hz as the EA frequency in the present study since EA at this frequency had a more potent analgesic action against PTX-induced neuropathic pain. This may be attributed to EA being able to induce more types of analgesic opioids in the central nervous system at this frequency than at alternative frequencies. 5, 9, 35 It is well recognized that activation of microglia and astrocytes (i.e. upregulated expression of specific markers) in the spinal cord is crucial to spinal central sensitization in a wide array of pathological pain conditions. 18, 36 Our results showed a significant enhancement in protein expression of both TMEM119 and GFAP in spinal cord of experimental rats following PTX treatment, indicating the activation of spinal microglia and astrocytes, respectively, which is in agreement with previous studies. 17, 37 Thus, the increased spinal glial activity may contribute to PTX-induced neuropathic pain in the present study. However, although the activation of astrocytes in the spinal cord is repeatedly observed in PTXinduced peripheral neuropathy, the involvement of microglia remains controversial. 18 By detecting protein expression of the microglial markers with Western blot and immunohistological assays, activation of spinal microglia in PTX-induced neuropathic pain was reported in some studies, 14, 17, 37 but not in others. 38, 39 This discrepancy was reported to be attributed to different animal species, various treatment regimens, and diverse observation timepoints. 37 In the present study, all experiments were performed on relatively young rats (within 2 months). It is generally recognized that the central nervous system in juvenile rats is more susceptible to abnormal stimulations, which is termed the "juvenile window of susceptibility". 40 Importantly, a previous study reported a remarkable activation of microglia evoked by PTX treatment in the spinal cord of young rats instead of adult animals, which was ascribed to the juvenile window of susceptibility, 14 providing a reasonable explanation for the activation of microglial activity following PTX administration in present study.
TLR4 is a critical receptor that is expressed on the surface of glial cells, including microglia and astrocytes, in the central nervous system, mediating glial responses to inflammation and nerve injury that are associated with the pathophysiology of the resulting hyperalgesia, and facilitating inflammatory responses that contribute to the pathology of persistent pain. 22, 41, 42 It has been shown that activated neuroglia in spinal cord produce proinflammatory cytokines. 43, 44 Moreover, recent work has shown that PTX interacts with and activates TLR4 in the spinal cord, leading to the activation of the NF-κB signaling pathway and the release of pro-inflammatory cytokines, including IL-1β and TNF-α. 41 The link between spinal TLR4 and the production of central and peripheral inflammatory cytokines could contribute to behavioral hypersensitivity following exposure to chemotherapy drugs. 22 The PTX-induced activation of neuroglia and TLR4/NF-κB signals in spinal cord, documented herein, resulted in the spinal and systemic inflammatory responses, as revealed by the significant increase in IL-1β and TNF-α in the spinal cord and serum. Our results suggest that EA treatment exerted significant actions on inhibiting PTX-induced spinal glial activation, suppressing elevated TLR4/NF-κB signals in spinal cord, as well as decreasing the production of spinal and systemic inflammatory cytokines. These results provide a possible mechanism that may potentiate the analgesic effect of EA on PTX-provoked neuropathic pain; that is, EA treatment inhibits spinal microglia and astrocytes activated by PTX administration via downregulating TLR4 expressed on spinal glia, leading to the suppression of NF-κB signals and inhibition of downstream pro-inflammatory cytokines (such as TNF-α and IL-1β), and consequently inhibits the neuropathic pain (Figure 8 ). It should be noted that the parasympathetic nervous system may also be implicated in mediating the immune regulation of EA. Our previous study reported that EA at ST36 could reduce serum levels of inflammatory cytokines and prevent organ damage via vagal afferent and cholinergic anti-inflammatory pathways in experimental sepsis. 27 Moreover, since PTXinduced neuropathy is multifactorial and involves various pathophysiological processes, including nociceptive transmission and neuroinflammation, 45, 46 the EA treatment should be a multi-target therapy as well. Although the regulatory effect of EA on neuroinflammation has been highlighted in the present study, the anti-nociceptive features of EA should be emphasized as well. 47 The production and release of pro-inflammatory cytokines induced by PTX result in the sensitization of nociceptors, thus leading to mechanohypersensitivity. 48 
Conclusion
In summary, our data suggest that EA treatment attenuates PTX-induced neuropathic pain in experimental rats, which could be associated with the downregulation of glial activity and TLR4/NF-κB signals in the spinal cord, as well as the inhibition of spinal and serous proinflammatory cytokines. However, the present study does not provide deep insights into the mechanisms underlying the effects of EA. Further studies will be performed to investigate the role of TLR4/NF-κB in the early stages following PTX administration and the key factors that mediate the actions of EA in the upstream pathways of neuroglia and TLR4. 
